Abstract: A porous PMMA material has been reinforced by clay particles, and properties of the resulting material were evaluated. The clay has been intercalated in a first step by melt-extrusion with a suitable block copolymer. A radical polymerisation reaction after swelling of the intercalated clay with monomer leads in a subsequent step to a nanocomposite material with improved mechanical properties. The optimum load of modified clay was determined to be about 3 to 4 wt.-%. A separation of the reinforcing mineral into single sheets and a subsequent homogeneous incorporation of these sheets into the polymer matrix material increased different mechanical properties by approximately 60%. The lifetime of porous polymer moulds used for pressure casting of sanitary ware has been analysed, modelled and increased. The mechanical behaviour of the existing porous PMMA mould material was analysed using mechanical tests to assess the lifetime under cyclic loading. The relevant stress levels were obtained through in situ strain gauge measurements on a polymer mould for the production of a washing basin. These results were confirmed by means of finite element stress analyses. The lifetime of the washing basin mould under the relevant production conditions was predicted from these data and found to be in good agreement with practical experience. A method to improve the limited lifetime under higher pressures was developed by applying nanodispersed clay as reinforcement. The improved material shows an increase in lifetime under cycling loading by about 1000% in mechanical tests. This improvement is confirmed for a pressure casting mould made of the improved material when used in the actual production process.
Introduction
Polymer materials have been filled with several inorganic synthetic and/or natural compounds in order to increase several properties like heat resistance, mechanical strength and impact resistance or to decrease other properties like electrical conductivity or permeability for gases like oxygen or water vapour. The resulting materials must be seen, however, as filled polymers since there is no or only little interaction between the two mixed components. These filled materials lack mostly from an intense interaction at the interface between the two components. Several procedures are known so far to incorporate, in a fine dispersed manner, layered silicate materials into polymer matrix materials, using firstly a step of swelling of the layers via an ion exchange process of the cations located between the crystalline layers with organic onium type cations [1] [2] . Those cations are required to have another functional group in order to react with monomers in a subsequent poly-merisation reaction or to be compatible with polymers in a subsequent mixing step to separate the platelets completely from each other and/or to finally form the matrix material with homogeneously dispersed platelets (molecular composites). The resulting composites display properties superior to those displayed by simply mixed components or filled polymers, which makes them extremely interesting in the field of design and creation of new construction and packaging materials.
Several papers report the manufacturing of poly(methyl methacrylate) (PMMA)-clay nanocomposites using a polymerisation reaction [3] [4] [5] [6] [7] [8] . However, one paper reported a significant mechanical effect of the PMMA matrix so far [8] . Other investigations provided a general process for the manufacturing of composite materials consisting of polymeric matrix materials and homogeneously dispersed layered crystalline inorganic materials using block or graft copolymers as compatibilising agents [9] . This procedure has been used in our study for a reinforcement of a porous PMMA filter material used in large quantities for the production of sanitary ware articles by pressure casting. These materials, which are constructed by gluing micron sized PMMA spheres together, have an open pore microstructure with an average pore size of about 20 µm allowing the drainage of water during the pressure casting process. Therefore, a reinforcement using micro-scaled elements like glass fibres or talk platelets is not possible since the existing porous structure would be difficult to maintain.
The use of nanoparticle reinforcement was selected to obtain improved mechanical properties extending the lifetime of every mould to several thousands of casting cycles. Results of mechanical characterisations carried out are described in this paper. Using the determined in-service stress levels it is then possible to make a prediction of the lifetime of pressure casting moulds made of the improved material. The first step towards the development of a lifetime prediction method was made by a combination of material characterisation through mechanical testing, in situ measurement of relevant stresses, and numerical modelling. This results in relevant material properties and stress levels such that the lifetime can be predicted. The applied procedures and the results obtained are given in the next sections. The prediction is compared with results of a full-scale test on a reinforced mould for pressure casting of a washing basin.
Experimental part

Reagents
Purified natural Na montmorillonite (CEC 95 meq/100 g, average particle size 500 nm) was used as supplied by Süd-Chemie AG, Germany. The block copolymer with the monomer combination ethylene oxide-methyl methacrylate (see Fig. 1 ), both blocks with M n = 1000 g/mol, was used as obtained from Degussa Goldschmidt AG, Essen. 
Synthesis of the nanocomposites
The intercalated nanocomposite was prepared by simple melt intercalation (kneading) of the clay with the block copolymer at 80°C for about 3 h using a twinscrew co-rotating extruder. The intercalated clay (1 -6 wt.-%) was subsequently dispersed with stirring (17°C) in a mixture of MMA/styrene (90/10 w/w).
The final porous material was prepared by free radical polymerisation of the monomer mixture/dispersed clay (together 16 wt.-%) in the presence of the in water (22.8 wt.-%) dispersed PMMA particles (69.7 wt.-%) initiated by dibenzoyl peroxide/N,Ndimethyltoluidine (1.5 wt.-%) [12] . The reaction was carried out at 17°C for about 30 min. The resulting material was washed three times with warm water (60°C) and dried subsequently. The yield was close to 100%. The reinforced material was obtained with different amounts of clay (0 to 6 wt.-%).
Characterisation of the nanocomposites
The material was shaped in large blocks using the same procedure as normally applied for mould production. These blocks were cut into the desired samples for mechanical testing using a diamond blade. The result of the intercalation process of the clay with the block-copolymer was analysed using a Philips X'Pert X-ray diffraction apparatus (Cu-K α radiation). The mechanical properties of the produced materials were determined using mechanical tests carried out on a universal testing machine (Test GmbH, Germany). The wedge opening loaded (WOL) [13, 14] and three-point bending (3PB) tests as shown in Fig. 3 and Fig. 4 were used for these measurements. The WOL test was selected as it provides simultaneous information on different mechanical properties: stiffness, crack initiation resistance (peak load) and crack propagation resistance (work of fracture). The 3PB test was used for strength measurement, as well as for characterisation of the resistance of the materials under cyclic loading. The mechanical tests were all carried out with a nominal crosshead speed of 5 mm/min in two different test environments: at room temperature (20°C) in ambient humidity, and at 45°C with the sample submersed in de-ionised water. The latter environment was applied as was considered to mimic the environment encountered in the actual pressure casting process with sanitary ware slip. The 3PB samples had dimensions length*width*height of 120*20*20 mm and were tested using a support distance of 80 mm. In the WOL test, the thickness of the samples was 20 mm. The required notch was sawn using a diamond blade resulting in a notch width of about 1 mm, which is considered sharp enough given the relatively coarse and porous microstructure.
Determination of the porosity by measurement of the water up-take showed a porosity of about 30%.
Strain gauge measurements
Strain gauge measurements were carried out on a routinely produced wash basin in order to assess the stresses in the polymer mould during pressure casting at a peak pressure of 1.1 MPa. For this purpose, use was made of strain gauges (type EA-30-060CC-350, Micro Measurements, USA). Before mounting the strain gauges, the porous surface was filled using a two-component epoxy (Acryfix, Röhm GmbH, Germany). After mounting, the strain gauges were covered with different layers of polymer and aluminium foil as to exclude moisture. The relation σ = Y ε between measured strain ε and applied stress σ was determined by calibration using bend bars submersed in de-ionised water of 45°C. This was repeated for 4 different mounted strain gauges and resulted in a factor Y = 1100 Pascal per microstrain (1% strain = 10000 microstrain) with a standard deviation of about 2.5%. The behaviour of mounted strain gauges under high pressure was checked by recording the strain for strain gauges mounted on a beam, which was then put in an autoclave at a pressure of 6 bar. No significant strains were measured, as it should be according to the specifications by the producer. This was considered important, as the slip pressure itself should not lead to measurable strains.
Results and discussion
Material structure
The intercalation process of the clay particles with the ethylene oxide-block containing block copolymer (structure see Fig. 1 ) was proofed by X-ray diffraction (XRD) and occurred very quickly and in a similar manner as reported previously for the pure poly(ethylene oxide) (PEO) homopolymer [10] . The intercalated clay block copolymer material showed a layer distance of 17.8 Å compared to 12.6 Å of the pure clay. This value is in good agreement to those reported for a complete intercalation of two PEOchains. The intercalated material showed, after dispersion in the monomer mixture, an increase in volume by more than 1000% indicating a very good compatibility and distribution of the intercalated material in the two-monomer mixture. This is an excellent starting condition for the formation of a nanocomposite material with a good dispersion of the reinforcing elements (clay sheets). The final porous PMMA filter material was formed quickly like the non-reinforced material. A determination of the porosity by measurement of the water up-take showed almost no difference between the original and the reinforced material (c. 30% porosity). The microstructure of the material is shown in Fig. 2 , taken from a typical fracture surface of a Wedge Opening Loaded (WOL) specimen tested at 20°C. For the reinforced material the same global microstructure and porosity is present since the reinforcing clay platelets have much smaller dimensions than the constituting polymer particles. The analysis of the distribution of the clay in the composite material is rather difficult, since the clay only exists in the "glue"-layer between the solid PMMA spheres. This is also the reason for a lack in comparative mechanical values in the literature. However, from XRD experiments a partial exfoliation but also the existence of tactoids of intercalated clay layers in the "glue" PMMA/PS layer could be concluded. A small peak with a layer spacing of 18 Å remains observable. For a start, the influence of clay reinforcement was studied using WOL and 3PB tests (see Fig. 3 and Fig. 4 ) on the material with 5 wt.-% clay. For this and the reference (0 wt.-% clay) material, the results of quasi-static loading with the WOL tests carried out at 45°C are given in Fig. 5 (F-U curves, F and U defined in Fig. 3 ). Two nominally identical samples were tested for each composition. This graph clearly shows the ductile behaviour of the material at this temperature and also indicates that the reproducibility of the results is reasonable. The reinforcing effect of the clay is clearly observed: strength, work of fracture and stiffness increase considerably. The 3PB strength results are given in Fig. 6 , while in Tab. 1 some relating relevant data are summarised. The failure probability P f was computed from (I -0.5)/N where I is the rank number and N is the number of samples. The data from the 3PB strength tests confirm the increase in strength obtained with the WOL tests. It is also seen that the scatter in strength values reduces by incorporation of the clay.
The results from the WOL tests at 45°C on the standard material indicate that the material does not fail brittle, but in a ductile mode, for the environmental conditions and sample geometry chosen. Modelling of the observed behaviour has been undertaken by using a quasi-brittle fracture model, thus allowing for a better interpretation of the results of the tests in terms of material behaviour [14] . From these analyses it is concluded that the fracture toughness of the standard material at 45°C is about 0.9 MPa·m 1/2 with a tensile strength of about 10 MPa. The somewhat higher strength in the 3PB tests is thus thought to be due to ductile crack propagation before global fracture. These results also lead to an estimate of the fracture process zone size of several millimeters. This is not surprising giving the coarseness of the microstructure and indicates that much larger sample sizes are required to obtain a brittle fracture mode. For the reinforced material the development of a quasi-brittle fracture model is subject of research [14] . Results from 3PB fatigue tests on the reference porous PMMA material and 5 wt.
-% clay containing material
The fatigue properties of the material modified with 5 wt.-% clay were studied using the 3PB test. The load was applied as a periodic function of time as shown in Fig. 7 (for a maximum bending stress of 5 MPa as an example). The maximum bending stress was varied to determine its influence, while all other parameters were kept constant. The number of cycles until fracture occurred was recorded. The tests were carried out at 20°C (ambient humidity) and at 45°C (submersed in de-ionised water). The average number of cycles to failure as a function of maximum bend stress is given in Fig. 8 . The average number is obtained for about 10 samples per condition. The increase in lifetime under the imposed conditions is significant: up to 1000%. The results of the fatigue tests also show considerable scatter as expected (up to a factor of 3 with respect to the average value). A precise quantification of the confidence band on number of cycles was not undertaken given the limited number of tests for each stress level.
Influence of the amount of clay on WOL test results
In order to study the influence of the clay loading, the WOL test was carried out on two nominally identical samples for each composition at 45°C. This resulted in typical force-displacement curves as shown in Fig. 5 . From these results for each composition the next relevant quantities were determined: the stiffness K = dF/dU prior to peak load, the peak load F max , and the work of fracture A as the area beneath the F-U curve. The results, expressed as percent increase with respect to the reference material with 0% clay, are shown in Fig. 9 . The scatter in the results for the two individual samples typically amounts to 6%. Despite this scatter the trend for increasing strength, work of fracture and stiffness with increasing amount of clay is clearly observed (the average increase in properties from 0 to 5 wt.-% clay is considered significant with respect to the scatter in the data). The strength and the work of fracture can thus be increased by about 40 -60% when about 3 to 4 wt.-% clay is added. For the application considered, pressure casting of a washbasin, this increase is sufficient to improve the fatigue-limited lifetime of the moulds to the desired level as was shown by the results in Fig. 8 . Adding more clay will only increase the cost of the material without more added value in terms of product performance. This is because then the next lifetime limiting factor is pollution of the porous mould by the slip, which is not resolved by reinforcing the matrix. In any case more extensive testing will be required to determine the achievable amount of improvement as a function of the amount of clay, where also batch-to-btach differences must be considered. The results thereof will lead to a product-specific balanced judgement of the advantages of the increase in properties versus the increase in cost of the material.
Results of finite element analyses and in situ strain gauge measurements
The results of the mechanical characterisation can be used to make an estimate of the expected lifetime of the actual mould if the relevant in-service stresses are known. In order to assess these stresses two approaches were undertaken: Finite Element (FE) modelling and strain gauge measurements.
The FE analyses were undertaken for a standard PMMA pressure casting mould for a washing basin type EUROBASE 60. The cross section in the symmetry plane of the mould is given in Fig. 10 . Also indicated is the area over which the pressure acts during the pressure casting process. In this case the maximum relevant pressure in the ceramic slip is 1.1 MPa. In Fig. 10 also the areas are indicated where the opposite mould part is coming into contact. On these surfaces a maximum closing pressure of 10 MPa will act during the pressure casting process.
The bottom plane of the mould is rigidly supported during the casting process. This model was analysed in 2-dimensional plane strain using quadratic linear elastic finite elements. The Young's modulus E was determined from the WOL mechanical tests discussed above and amounted to about 0.55 GPa. The Poisson ratio was assumed to be 0.4. Near the area labelled with A, the highest tensile stresses are computed on the surface of the mould as shown in detail in Fig. 11 . This location agrees very well with the location where fractures occur in practice in this mould. The computed maximum principal stress amounts to about 5.1 MPa for the conditions considered. A pressure casting mould for the EUROBASE 60 washing basin made of the standard PMMA material was equipped with strain gauges at the location where the highest stresses were found in the FE calculations (see Fig. 10 and Fig. 11 ). The measured strains were converted to stresses using a determined calibration factor Y. For a standard production cycle of about 15 min this leads to the stress as a function of time as shown in Fig. 12 for two repeated experiments. As can be seen, subsequent experiments lead to reproducible results. The maximum stress measured is about 4.5 MPa when the pressure in the slip amounts 1.1 MPa. 
Conclusion
Reinforced materials compromising molecular dispersed platelet-like inorganic materials and a porous PMMA matrix have been manufactured by incorporation of the clay sheets into the PMMA matrix during polymerisation using a PEO-PMMA block copolymer. A significant improvement in mechanical properties and in lifetime is thus obtained. The results of the different experiments and analyses discussed in the previous sections give insight in the relevant stress levels and the improvement that can be obtained by applying nanocomposite reinforcement.
The results from the FE analyses and strain gauge measurements are in good agreement because the maximum stress predicted and measured deviate by about 10%. Given the complex experimental situation and the use of a 2-D FE model this agreement is considered sufficient. Also the lower stress in the strain gauge measurements can be explained by the fact that the strain gauges have a finite size and thus measure the average strain over an area where a stress gradient is present. The conclusion is that the relevant tensile stress in the mould during the actual production process considered is about 5 MPa.
If this relevant stress is considered in the data presented in Fig. 7 , an average lifetime of about 3000 cycles is predicted for the standard material. But taking into account the inherent scatter, a lifetime of less than 1000 cycles will certainly be found. This agrees with the observations in practice, where cracking of the polymer mould is observed within 1000 cycles. For the reinforced material for the same stress level a much higher lifetime is predicted. In order to be able to verify this, a pressure casting mould for the washing basin considered was produced and put into production. No obvious cracking was observed after 13 500 produced articles. This gives confidence that the expected improved lifetime is actually met.
